As wireless devices boom, and bandwidth-hungry applications (e.g., video and cloud uploading) get popular, today's Wireless Local Area Networks (WLANs) become not only crowded but also stressed at throughput. Multi-user Multiple-Input and Multiple-Output (MU-MIMO), an advanced form of MIMO, has gained attention due to its huge potential in improving the performance of WLANs. 
A. IEEE 802.11 Standards/Amendments 1) Standards: Loosely speaking, both standards and amendments can be interchangeably used to refer to different variants of IEEE standards or amendments. However, a more strict nomenclature designates standards as documents with mandatory requirements (denoted as IEEE 802.11 followed by the published year, e.g., IEEE 802. , and amendments as documents that add to, remove from, or alter material in a portion of existing standards [10] (denoted as IEEE 802.11 followed by a non-capitalized letter or letters, e.g., IEEE 802.11n or 802.11ac).
Since 1997, IEEE has released four standards: 802. 11-1997, 802.11-1999, 802.11-2007 and 802. . IEEE 802. 11-2012 [11] is the latest and the only version that is currently in publication. Standards are continuously updated by amendments, e.g., 802.11-2012 is created by integrating ten amendments such as 802.11n and 802.11p with the base standard 802. , which was replaced since the release of 802. . In other words, each standard will be superseded by its successor in its entirety.
2) Amendments:
In 1999, two amendments were first introduced: (1) IEEE 802.11a operates in the 5
GHz band using the Orthogonal Frequency Division Multiplexing (OFDM) modulation with a maximum data rate of 54 Mbps; (2) IEEE 802.11b operates in the 2.4 GHz band using the Direct Sequence Spread Spectrum (DSSS) modulation with a maximum data rate of 11 Mbps. Compared to 802. 11-1997, 802.11b substantially increases the data rate (from 2 Mbps to 11 Mbps) using the same modulation technique and the frequency band, which made 802.11b the then-definitive WLAN technology. In 2003, IEEE 802.11g, a new amendment working in the 2.4 GHz band was ratified. It extends 802.11b with a maximum data rate of 54 Mbps. IEEE 802.11n [12] , ratified in 2009, operates in either 2.4 GHz or 5 GHz band, boosting the data rate to 150 Mbps (600 Mbps by 4 streams) by utilizing MIMO.
802.11ac [2] is the latest IEEE amendment approved in 2013. It is operating exclusively in the 5 Although each amendment is revoked as it is merged into the latest standard, the sign of IEEE 802.11a/b/g/n/ac is often employed by vendors to denote the capability and compatibility of their products. 3) Next Amendment-802.11ax: In March 2014, IEEE created a new task group-802.11ax [13] , aiming at delivering High Efficiency WLANs (HEW) in both indoor and outdoor high density scenarios. 802.11ax
will operate in frequency bands between 1 and 6 GHz. In terms of performance, the focus of the amendment has shifted from improving the aggregated system throughput to the throughput observed by each STA, targeting at at least four-time per-STA throughput increase comparing to the existing standards and amendments. The ongoing amendment is in its early stage, and is estimated to be finished in 2019. Currently, the study group is discussing the 802.11ax usage models focusing on the dense deployment [14] , potential technologies such as full-duplex, uplink MU-MIMO and Massive MIMO [15] , and functional requirements such as the system performance, the spectrum efficiency, the operation bands and the backward compatibility [16] .
The key features of the above mentioned IEEE 802.11 standards/amendments are given in Table II, where FHSS stands for Frequency Hopping Spread Spectrum. IEEE 802.11ad [17] , another VHT WLAN amendment, will operate in the 60 GHz band and focus on multi-gigabits per second data transmissions in a short range point-to-point links (around 10 meters).
A typical application scenario of 802.11ad is the wireless transmission of lightly compressed or uncompressed high-definition videos for home entertainment systems. Due to 60 GHz band's characteristics of high propagation loss and high attenuation, directional transmissions and receptions are required.
IEEE 802.11ah [18] will operate in the sub-GHz band. The main purposes of the amendment are to introduce power saving and STA grouping mechanisms. A typical use case is a smart metering network with many sensor nodes, where high collision probability and hidden nodes are expected. 802.11ah will partition nodes into groups to save power and to reduce the channel contention by assigning the channel to nodes of a given group at a given time [19] [20] .
Due to the specific purpose of each amendment and unique features of the employed frequency, the MU-MIMO MAC schemes designed for WLANs of the traditional bands can not be directly applied to these new amendments. For example, 802.11ah relies on the highly centralized medium access scheme, while 802.11ad has to utilize the beam sweeping technique to detect STAs rather than the omnidirectional carrier sensing adopted by IEEE 802.11 DCF. Therefore, this paper preserves its focus on MAC proposals for the traditional bands, i.e., 2.4 and 5 GHz. However, the potential collaborations at the MAC level between protocols of traditional and new bands will be discussed in Section V-Future Directions.
B. IEEE 802.11 Medium Access Control
Although IEEE 802.11 has specified three MAC mechanisms, namely, DCF, Point Coordination Function (PCF) and Hybrid Coordination Function Controlled Access (HCCA), this paper only focuses on the distributed and random access based MAC schemes, because PCF and HCCA (i.e., the centralized schemes) are neither widely adopted by the industry nor the academia. choose the same random BO. When a transmitted frame is successfully received, the receiver waits for a Short Inter Frame Space (SIFS) and then sends back an Acknowledgement (ACK). Note that as soon as the winning STA sends out a frame, other STAs will notice the channel has become busy, therefore immediately freeze their BO timers. These STAs will wait the channel to be idle for another DIFS, and resume decreasing the remaining BO timers. The STA who previously succeeded the channel contention will have a new BO timer at its next transmission attempt.
Examples of a successful transmission for the basic access and the RTS/CTS schemes are shown in Figure 1, the maximum Transmit Opportunity (TXOP, a contention-free interval, during which a STA can transmit as many frames as possible) for AC VO and AC VI are 1.504 ms and 3.008 ms, respectively. Secondly, it is also different that the instant of time at which DCF and EDCA mandate STAs to decrease the BO timer. In DCF, STAs decrease the BO timer at the end of each slot, while in EDCA, the decrement occurs at the beginning of each slot. Please refer to [11] and [22] for detailed comparisons of DCF and EDCA, and [23] for QoS supports in WLANs.
III. REQUIREMENTS FOR DESIGNING MU-MIMO MAC PROTOCOLS IN WLANS
MU-MIMO transmissions in WLANs have two communication paths, the uplink one (i.e., STAs simultaneously transmit frames to the AP, which is also referred as the MIMO-MAC channel) and the downlink one (i.e., the AP sends data to a group of STAs in parallel, which is also referred as the MIMO-broadcast channel). The MU-MIMO uplink and downlink transmissions face different challenges, and hence, have different requirements in designing MAC protocols.
A. De/Pre-coding Schemes for Simultaneous Receptions/Transmissions
In the uplink, the AP needs to separate the simultaneously transmitted signals from STAs, which is the Multi-user Detection (MUD) problem. In the downlink, the AP has to, firstly, select a group of STAs based on a certain criterion such as the queue occupancy, given that the selected STAs have to be spatially non-correlated, which is the scheduling problem, and, secondly, precode the outgoing frames to null the interference among concurrent spatial streams, which is the Multi-user Interference Cancellation (MUIC)
problem. An illustration of MU-MIMO uplink and downlink transmissions is given in Figure 2 .
The design of MUD/MUIC schemes is beyond the topic of the paper. However, some of the most popular MUD/MUIC schemes adopted in the surveyed papers, as well as their strong points and drawbacks, are sampled (Table III) . An example of the weight adjustment is to utilize the steepest descending algorithm. The performance of the MMSE MUD scheme improves as the number of AP's antennas increases, and degrades as the network scales up [24] . b) Maximum Likelihood (ML): The ML MUD conducts an exhaustive search to extract the transmitted signals. It provides the best detection performance, but comes with the highest complexity that increases exponentially with the number of STAs, which makes it infeasible in practical systems. c) Sphere Decoding (SD): Some SD based MUD algorithms have been proposed to reduce the complexity of the pure ML MUD while to approach the performance of ML MUD. The idea is to decrease the radius of the search scope by focusing on the vicinity of the ML solution.
d) Successive Interference Cancellation (SIC):
The SIC MUD is an enhancement to MMSE. A detection algorithm is utilized by estimating of the received power at the AP. The signal with the highest power, which is the least interfered by others, is detected. This detected signal is then subtracted from mixed signals, and the next highest signal is singled out using the same process until the lowest STA signal is determined. The SIC MUD tends to be erroneous at the signal classification stage. The false deduction from composite STA signals may propagate the error to following calculations [25] .
2) MUIC Schemes for Simultaneous Downlink Transmissions: Although simultaneous downlink transmissions from the AP to multiple STAs can be seen as a combination of several single-user transmissions, STAs' random and independent locations make it very challenging to jointly null multi-user interference at the STA side. Therefore, most proposals in the literature precode outgoing signals at the AP to minimize interference among simultaneous streams. a) Zero Forcing (ZF): In the ZF scheme, the original signal is multiplied by the pseudo-inverse of the channel matrix to completely null the MUI. The conditions are (1) the AP has the full CSI, and (2) the channel is invertible. By multiplying the pseudo-inverse weight, the ZF scheme also increases the error rate (because the noise vector is amplified). The amplified noise vector indicates that ZF can only perform well in the high Signal-to-Noise Ratio (SNR) region. In addition, the ZF scheme requires that the number of total receiving antennas is not less than that of transmitting antennas [26] .
In comparison, the MMSE scheme can minimize the overall error rate without amplifying the noise. [25] and [26] show that the MMSE scheme performs better than ZF in the low SNR region, and approaches the performance of ZF in the high SNR region. b) Block diagonalization (BD): BD is a generalized channel inversion technique, especially when receivers have multiple antennas [6] . Singular value decomposition (SVD) is employed to remove unitary matrices, which makes the computational complexity of BD higher than MMSE. c) Dirty Paper Coding (DPC): DPC is a non-linear precoding scheme firstly introduced by Costa [27] , which can achieve the optimum performance at the cost of significant computing complexity. The idea is to add an offset (the negative value of the interference that is known at the AP) to the transmitted signal, which hints that (1) the AP has to know the interference in advance, and (2) the AP always has available codewords, i.e., infinite length of codewords, which make DPC not suitable for practical use.
B. Channel State Information Acquisition
MUD and MUIC schemes allow MU-MIMO systems to separate simultaneously received/transmitted frames, and achieve the spatial multiplexing gain. However, it is important to point out that, in the above discussion, the possession of CSI is assumed at the AP. Impractical for use characteristics of the channel (e.g., fading distribution, average channel gain and spatial correlation) to decide the CSI, which performs well in scenarios where the channel has a large mean component (i.e., a large Rician factor) or strong correlation (either in space, time, or frequency) [28] .
The instantaneous CSI (or the short-term CSI) means the current channel state is known, which enables the transmitter to adapt its outgoing signal. Because wireless channel varies over time, the instantaneous CSI has to be estimated repeatedly on a short-term basis. The acquisition of CSI can be done by estimating a training sequence known by both transmitters and receivers. In the uplink, the AP can easily extract the uplink CSI from the PHY preambles of received frames. While, for transmissions in the downlink, the acquisition of the CSI is not that straightforward. Depending on who computes the CSI, there are two CSI feedback schemes: (1) the implicit feedback (Figure 3(a) ), where the AP computes the CSI by estimating training sequences sent from STAs, and (2) the explicit one ( Figure 3(b) ), where STAs calculate the CSI by estimating the training sequence sent from the AP, and then STAs feedback the calculated CSI to the AP.
By assuming the reciprocity of up/down-link channels, the implicit feedback scheme produces less overheads compared to the explicit one. However, in a practical WLAN system, the channel and inter- No matter which CSI feedback scheme is applied, the implicit one or the explicit one, the frequency of CSI feedback would significantly affect the network performance. It is because the frequent CSI feedback increases overheads, while the infrequent one results in the outdated CSI that leads to interference among parallel streams. Please refer to [29] and [30] for more details about implicit and explicit CSI feedback schemes.
C. The Scheduling Scheme
Another key point for designing MU-MIMO MAC protocols is the scheduling scheme. It is used to select a group of STAs or frames for transmissions, which can optimize certain aspects of the system performance according to the specific grouping criteria. The design of the scheduling scheme can be divided into two parts: the scheduling in the uplink and downlink. The latter can be easily categorized by different scheduling algorithms (e.g., the destination based round-robin scheme or the frame based first-in first-out scheme), while the characterization of the former is not straightforward. The reason and categorization of the uplink scheduling schemes are as follows.
1) Scheduling in the Uplink:
In the uplink, it is very challenging to make a joint scheduling decision among spatially distributed STAs. As shown in Figure 4 , only three of surveyed papers considered scheduling schemes, which will be described in details in the protocol review Section IV. Depending on whether the RTS/CTS exchanging process is employed (i.e., whether the AP has played a coordinating role in exchanging control frames before transmitting data), uplink transmissions are categorized into the coordinated and the un-coordinated ones. In the un-coordinated scenario, STAs utilize the random MAC mechanism to decide who will be allowed for transmissions, which have two cases: synchronous [31] and asynchronous [32] data transmissions, as shown in Figure 5 . The synchronous scheme lets multiple STAs that coincidentally choose the same BO to transmit data frames simultaneously, while the asynchronous one allows STAs to transmit frames along with other ongoing transmissions. In the coordinated scenario, STAs utilize the MAC random mechanism to contend for the channel, while let the AP to decide who will be involved in the followed parallel transmissions. The coordinated uplink access scheme implies the involvement of the AP (as a coordinator) and the employment of RTS/CTS exchanges [33] . The AP extracts the interested information from RTSs sent by the contending STAs, and then makes scheduling decisions for simultaneous frame transmissions (i.e., the scheduled transmissions), or the AP just responds to the received RTSs to notify who have won the channel contention (i.e., the un-scheduled transmissions). A general example of the coordinated uplink access is shown in Figure 6 , which can account for both scheduled and un-scheduled cases depending on whether the CTS is extended to support scheduling. 00 00 00 00 00 00 11 11 11 11 11 11 00 00 00 00 00 00 11 11 11 11 11 11 000000 000000 000000 000000 111111 111111 111111 111111 000000 000000 000000 000000 111111 111111 111111 111111 00 00 00 00 00 00 Although the un-coordinated uplink channel access requires fewer modifications compared to the coordinated one, it is likely that the spatial domain will be underutilized. The reason is that the concurrent uplink access of the un-coordinated scheme is based on the randomness of the IEEE 802.11 backoff mechanism. In comparison, the coordinated uplink channel access lets the AP to mediate the uplink transmissions by either just notifying a group of STAs that successfully won the channel contention or making a scheduling decision that aims to optimize the system performance. Obviously, the coordinated scheme will introduce overheads (e.g., extra fields in RTS/CTS) that are needed for the AP to best exploit the spatial domain.
2) Scheduling in the Downlink: Compared to the uplink, the AP plays a more direct role in the downlink scheduling, which can be classified into the packet based scheduling and the STA based one.
In principle, the following downlink scheduling schemes can be applied to uplink transmissions. However, they are adopted in very few proposals due to the difficulty and overheads to make uplink scheduling decisions for spatially-distributed STAs.
The packet based scheduling algorithms utilize the packet queueing status at the AP as the scheduling metric to assemble multiple packets for MU-MIMO downlink transmissions. The relevant packet based scheduling algorithms include First-in First-out (FIFO) [34] - [37] , weighted fair queue (WFQ, weight based on the priority or the type of packets) [38] , [39] , earliest deadline first (EDF, based on the delay or waiting time of packets), greedy [40] , [41] , etc.
The STA based scheduling employs some criteria to identify a set of STAs for simultaneous downlink transmissions. These criteria include the channel state [42] - [46] , spatial compatibility, fairness, etc. The pure channel condition based scheduling is also called opportunistic scheduling that singles out a set of STAs with best channel conditions by benefiting from the multi-user diversity. A similar concept is applied by the spatial compatibility based scheduling, which examines STAs' spatial correlations to minimize the interference. Neither of them has taken the fairness into account, which is considered by the round-robin scheduling.
A combination of the above mentioned scheduling schemes is usually considered. For example, the proportional fair scheduler usually considers a product of the channel capacity and fairness. However, as
we can see from the above, the most commonly used scheduling schemes are FIFO and opportunistic, which are followed by greedy and WFQ. The reasons could be as follows. Comparing to cellular networks,
(1) WLANs consist of fewer STAs, (2) WLAN STAs are more stable in terms of moving speeds and residing environments, and (3) the AP is usually less powerful than the base station.
The combination of several criteria hints that parameters from different layers should be jointly considered [47] , which is the concept of cross-layer scheduling as shown in Figure 7 , where q(t) and H(t) represent the queueing and the channel states at the time t.
Scheduling
Channel Information Queueing State 3) Cross-layer Scheduling: The cross-layer scheduling has the promise to achieve the optimal system performance by sharing and configuring parameters from different layers, such as the channel information at the PHY layer, the queueing state at the MAC layer and the routing information at the network layer. Unfortunately, the cross-layer scheduling remains far more complex than simply combining these parameters. The reason is that the interaction among the layers breaks the conventional Open System Interconnection (OSI) layered structures and creates tensions between the performance and the stability of systems, which could lead to unexpected consequences as the wireless network scales up [48] .
In general, together with the CSI acquisition and other layers' key parameters, the following points should be taken into account for the cross-layer design.
• System Complexity: As the cross-layer design breaks the conventional layered structure, the new wireless system could be incompatible with conventional ones. Besides, since the maintenance or upgrade of the cross-layer protocol is no longer isolated within each layer, any parameter changes must be carefully traced and coordinated [48] .
• Design Constraints: Various data rates are usually applied to spatially distributed STAs, which may cause interferences from stronger signals to weaker ones in the downlink or the near-far effect in the uplink. Therefore, a power control or a data rate selection scheme needs to be considered with the MAC design. In addition, some QoS metrics, such as the average delay and the jitter, are
traditionally not in line with the MAC focus (e.g., decreasing collisions and increasing throughput).
Sometimes, maximizing throughput means sacrificing transmission opportunities of some low-rate STAs. Thus, the tradeoff of different performance metrics needs to be jointly considered and given different weights [49] [50].
IV. SURVEY OF MU-MIMO MAC PROTOCOLS FOR WLANS
In this section, we look into prominent MU-MIMO MAC proposals in the literature by focusing on the required features, performance gains, evaluation tools, as well as the key assumptions they made. to analyze the performance of the proposed MU-MIMO scheme in saturated conditions. Compared with SU-MIMO, the numerical results show that the proposed MU-MIMO scheme obtains lower collision probability, shorter delay and higher throughput in the low SNR and small network conditions. a STA is allowed to decrease its BO counter as long as the channel is empty or the sensed number of ongoing transmissions is below a threshold. A generic error correction code is assumed to protect data frames. The MAC procedure is shown in Figure 5 Mukhopadhyay et al. in [55] explore the ACK-delay problem that arises in asynchronous MPR.
The ACK-delay problem refers to that, due to different transmission durations of asynchronous uplink transmissions, the delayed ACKs sent by the AP to those earlier-finished STAs can trigger STAs' ACK time-out counters, which could interrupt the ACK's transmission and degrade the network performance.
Since Babich et al. in [32] did not consider the ACK-delay problem, the authors in [55] propose to change the ACK-waiting STAs' backoff timer to be decreased only when the channel has been idle for DIFS. The simultaneous transmissions are assumed to be decodable by the AP, and a single data rate is also assumed. By comparing with Babich's and IEEE 802.11 standard schemes, the results show that the proposed one not only decreases the frame collision probability and the average delay, but also increases the throughput.
Lin et al. in [56] propose a MIMO concurrent uplink transmission scheme called MIMO/CON, which can support both asynchronous and synchronous data transmissions. A compressive sensing technique [57] is utilized to estimate CSI from multiple concurrently received preambles, and ZF is adopted to separate the data frames. A delayed packet decoding mechanism, namely, using partially retransmitted information to decode the collided frames, is devised to avoid the complete retransmission of all corrupted frames.
A fixed frame length is assumed, and the optimal transmission probability is assumed to be known by STAs. Tan's CCMA [52] is implemented to compare with the proposed MIMO/CON. The results show that CCMA outperforms MIMO/CON when the AP has fewer antennas, while MIMO/CON scales better as the number of antennas at the AP increases.
Wu et al. in [58] propose a throughput analytical model for asynchronous uplink transmissions, which is based on the Bianchi Markov chain model [51] . A beacon sent by the AP will announce the maximum number of STAs that are allowed to transmit in parallel. The MAC procedure is similar to the one described above, in [52] . A fixed data rate is assumed and the network is saturated. Zero-forcing with successive interference cancellation (ZF-SIC) is employed to decode parallel data streams. By numerically deriving the contention window size and other network parameters, the uplink throughput is maximized.
With those parameters, the authors derive a threshold of the number of antennas at the AP, which shows no throughput benefit can be achieved by adding more antennas. The reasons for that are: (1) considers the number of STAs in the network, the current channel state and the MPR capability of the AP is used to schedule STAs. The MAC procedure is illustrated in Figure 6 . The CSI is claimed to be obtained from the downlink transmission. Data frames are assumed to have the same length. The analysis is based on the Bianchi's model [51] , and the optimal transmission probability is obtained by one-dimensional search procedure, such as Bisection and Newton-Raphson method [60] . Results obtained from the analytic model and simulations show that the proposed scheme reduces collisions and avoids considerable transmission errors.
Tandai et al. in [43] propose a synchronized access scheme coordinated by the AP. On receiving applying-RTSs (A-RTSs) from STAs, the AP responds with a pilot-requesting CTS (pR-CTS) to expect pilots. Based on the CSI estimated from the sequential pilots, the AP sends a Notifying-CTS (N-CTS)
to inform the selected STAs for parallel transmissions. A unique subcarrier is assumed to be allocated procedure is the same as illustrated in Figure 6 , where the STAs that won the channel contention will transmit RTSs at the same time. The AP then replies with an extended CTS that grants concurrent transmissions to the requesting STAs. A set of orthogonal training sequences are assigned to STAs by the AP to facilitate the channel estimation. A Finite Alphabet (FA) based blind detection scheme is adopted for the frame separation. The network is assumed to be saturated, and all data frames have the same length. The throughput analytic model is based on Bianchi's work [51] , and the best transmission probability is obtained via numerical techniques (i.e., a derivation function). The authors claim that the throughput increases nearly linearly with the number of antennas at the AP.
Since the MPR-MAC follows the conventional IEEE DCF access scheme, the probability of more than one STA choosing the same random BO is low. In order to increase the number of parallel transmissions, an enhancement called Two-Round RTS Contention (TRRC, Figure 8 ) is also proposed in [33] . Barghi et al. in [62] present an MPR-aware MAC protocol for receiving two concurrent frames by introducing a waiting time window (t w ) at the AP. Specifically, when the AP receives a first RTS, it will wait for a time period of t w to recruit a second RTS for double-frame receptions. CTS and ACK are extended with an extra address field to accommodate two STAs. A space-time code scheme is adopted to detect multiple frames. The channel is assumed to be error-free and channel coefficients are assumed to be known. Based on the obtained results, the authors claim that, by widening t w , (1) the probability of double-frame transmissions increases, while the probability of collision (i.e., the probability that the number of transmitted RTSs is more than two) increases as well; and (2) the performance of the proposed MPR-aware MAC scheme improves significantly compared to that of the IEEE 802.11 standard one.
Zhou et al. in [63] propose a two-round channel contention mechanism, which divides the MAC procedure into two parts. The two parts, namely, the random access and the data transmission, are illustrated in Figure 9 . The random access finishes as soon as the AP receives M random (the maximum number of STAs that can transmit simultaneously) successful RTSs, and then the data transmission starts. In the random access part, the AP delivers two types of CTSs: Pending CTS (PCTS) and Final 00 00 00 00 00 00 11 11 11 11 11 11 00 00 00 00 00 00 11 11 11 11 11 11 000000 000000 000000 A similar work with two contention rounds is presented in [64] . Compared to [63] , [64] devises a shorter second contention round, where a single message is used to reply all successfully received RTSs.
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In addition, a special focus is placed on 2-nd round Contention Window (CW 2nd ), a parameter making the length of the second contention round elastic. By evaluating the proposal in simulations, a set of optimal CW 2nd values that can obtain the highest system performance are identified.
Zhang in [65] further extends two contention rounds to multiple rounds, which give STAs more opportunities to compete for the channel using a threshold derived from an optimal stopping algorithm [66] . Meanwhile, an auto fall-back to single-round scheme is also proposed in case the traffic is low and the single-round scheme can provide higher throughput. 00 00 00 00 00 00 11 11 11 11 11 11 00 00 00 00 00 00 11 11 11 11 11 11 00 00 00 00 00 00 11 11 11 11 11 11 00 00 00 00 00 00 
a) Highlights:
• In the un-coordinated category, by simply considering the number of summarized papers, the asynchronous access has got more attention than the synchronous one. This is because, in the synchronous case, we can only benefit from the simultaneous multi-frame transmissions when several STAs end their backoff at the same time. One point that seems not fully solved by asynchronous solutions is how reliable the distributed counter of concurrent transmissions at each node is, as which may negatively affect the network performance by causing collisions. In addition, it is unclear how such carrier sense should be implemented, as the nodes need to identify the exact number of on-going transmissions.
• In the coordinated category, the AP may schedule (scheduled) or not schedule (unscheduled) what STAs to transmit. It is surprising to see that there are more unscheduled proposals. The reason could be (1) the difficulty and overheads behind the uplink scheduling, and (2) simply keeping the "decentralized" access philosophy for WLANs.
b) Open aspects:
• Comparison between different proposals is still difficult because of the different considered scenarios (e.g., channel models, CSI assumptions and STAs placement). Therefore, an open challenge is to present a comparative analysis framework to benchmark the most relevant and promising proposals.
• Most of the uplink proposals assume implicit CSI. However, calibration problems, due to the presence of heterogeneous devices and channel conditions, make the implicit CSI difficult to be implemented.
• It is likely that, in the next generation 802.11 standard, an extended RTS/CTS exchange will be used to signal and protect MU-MIMO frames, which would mean the AP-coordinated approach will be adopted. Solutions to further reduce the handshaking overheads must be considered.
c) Next steps:
• The IEEE 802.11ax study group is discussing to include uplink MU-MIMO [68] [69] . At the current stage, it is not clear yet how such mechanism will be implemented. In our perspective, uplink MU-MIMO would follow a coordinated and scheduled approach controlled by the AP. This judgement is made based on the following two reasons. First, the AP is playing a central role in collecting CSI from all STAs for downlink MU-MIMO transmissions in 802.11ac. We believe this explicit CSI feedback mechanism will be kept in 802.11ax for the backward compatibility. Additionally, by playing a central role, the AP can ask for buffer and other information from STAs, enabling it to make the best scheduling decision in the dense scenario.
• Regarding the CSI of the uplink, in our opinion, 802.11ax could extend and reuse the explicit CSI scheme periodically conducted by 802.11ac for the downlink MU-MIMO transmissions. For example, the AP can estimate the uplink channel coefficients from the same packets that carry the downlink channel coefficients.
• 802.11ax should place STAs in virtual groups, and poll the STAs in each group based on the CSI information as well as the estimation of the buffer occupancy of the STAs to reduce overheads.
B. MAC Proposals for The Downlink
A commonly used MAC procedure for MU-MIMO downlink transmissions is illustrated in Figure 11 .
The AP firstly sends out a modified RTS containing a group of targeted STAs. On receiving the RTS, those listed STAs estimate the channel, integrate the CSI into the extended CTS and send it back. As soon as the AP receives all successful CTSs, it precodes the outgoing frames based on the feedback CSI.
1) Downlink MU-MIMO MAC Proposals:
Cai et al. in [38] propose a distributed MU-MIMO MAC protocol with extended RTS/CTS frames. The CSI is obtained from the RTS/CTS exchange. An additive white Gaussian noise (AWGN) channel is assumed, and a leakage-based precoding scheme is utilized to cancel interference. The authors adopt a queue based scheduling scheme, which prioritizes frames with the longer waiting time in the AP buffer. The results derived from the queue-based unsaturated model [70] and simulations show the proposed multi-user MAC substantially outperforms the single-user one.
Kartsakli et al. in [44] propose four multi-user scheduling schemes for concurrent frame transmissions, namely, MU-Basic, MU-Deterministic, MU-Threshold Selective, and MU-Probability. The opportunistic beamforming that selects STAs with the highest signal-to-interference-plus-noise ratio (SINR) for each randomly generated beam is utilized. 00 00 00 00 00 00 11 11 11 11 11 11 00 00 00 00 00 00 11 11 11 11 11 11 00 00 00 00 00 Gong et al. in [39] propose a modified CSMA/CA protocol with three different ACK-replying mechanisms, namely, the polled ACK response, the scheduled ACK response and the failed ACK recovery. A weighted queueing mechanism that associates ACs with the value of contention window is also proposed to address the fairness concern. The MMSE precoding scheme is adopted and the CSI is assumed to be known. The simulation results show that the proposed protocol provides a considerable performance improvement against the IEEE 802.11n beamforming based approach when the SNR is high.
Zhang et al. in [40] present a One-Sender-Multiple-Receiver (OSMR) transmission scheme for WLANs.
The authors firstly implement an OSMR prototype using Universal Software Radio Peripheral (USRP) [71] to explore the feasibility of OSMR at the PHY level. Then, based on the study of the OSMR PHY characteristics, they modify the RTS/CTS frames to support the channel estimation. Simulations of the proposed extension are conducted at the MAC level. A greedy scheduling algorithm is used to transmit as many frames as possible in a TXOP with the urgent frames being prioritized over the normal ones.
The ZF precoding scheme is adopted, while a flat fading channel is assumed. The simulation results
show that a significant performance gain is achieved by employing OSMR transmissions.
Liao et al. in [34] present a MAC protocol for downlink MU-MIMO transmissions, where frames are scheduled to each STA by FIFO. The CSI is obtained through estimating the training sequence included in the CTS preamble. The channel is assumed to be error-free and independently fade from frame to frame, which creates independent channels from the AP to STAs. Simulation results show that a significant throughput gain is obtained by exploiting the spatial domain of the channel.
Bellalta et al. in [35] explore the performance of downlink MU-MIMO with the packet aggregation, and look into the interplay between the buffer size and the number of antennas at the AP. The impact of these two parameters on the system throughput and packet delay is also investigated. The proposed scheduler tries to maximize the number of transmitted packets in each stream, and also balance the duration of all streams. RTS/CTS control frames are modified for the CSI estimation, and ZF is used to null the interference. The analytical model is based on the work presented in [72] , assuming packets'
Poisson arrival in a non-saturated network. Both simulation and analytical results show the performance of the proposed system is close to optimal.
Redieteab et al. in [73] investigate three different transmission schemes in a PHY and MAC cross-layer platform, which are SU-MIMO, MU-MIMO with multi-user interference and MU-MIMO without multiuser interference. An IEEE 802.11ac channel model [74] is utilized to emulate channel variations. The MAC layer is made to be compliant with the 802.11ac specification draft, and the amendment defined ECFB protocol is assumed to be employed to obtain the CSI. The ZF channel-inversion precoding scheme is used to decode frames. Based on the simulation results, the authors conclude that multiuser interference has important effects on MU-MIMO transmissions, e.g., it results in less throughput.
Therefore, an automatic switching algorithm between SU-MIMO and MU-MIMO is suggested by the authors.
Cha et al. in [75] compare the performance of downlink MU-MIMO to Space Time Block Coding.
The ZF precoder is utilized, and the CSI is obtained at the AP by receivers' feedback. A Rayeigh fading and error-free channel is assumed. The results show that the downlink MU-MIMO scheme produces a higher throughput than the STBC one if transmitted frames are of similar length, while the results reverse in a fast-varying channel due to the high overheads of the CSI feedback .
Balan et al. in [76] implement a distributed MU-MIMO system that consists of several multi-antenna APs, which are connected and assumed to be synchronous by a coordinating server. The authors employ Zero Forcing Beamforming (ZFBF) for the frame separation. The CSI is acquired from uplink pilot symbols. Blind Interference Alignment (BIA) is used when the CSI is unavailable. The system is evaluated in the Wireless Open-Access Research Platform (WARP) platform [77] . The experimental results show that the presented MU-MIMO system can achieve high data rates and approach the theoretical maximum throughput.
Zhu et al. in [78] investigate the required modifications for TXOP to support multi-user transmissions.
The proposed scheme, called multi-user TXOP (MU-TXOP), enables a STA whose AC won the TXOP to share the transmission period with MPDUs of other ACs. The authors assume all STAs can be grouped for multi-user downlink transmissions. Simulation results show that the proposed scheme not only obtains a higher throughput, but is also more fair compared to the conventional one.
Ji et al. in [79] present a cooperative transmission scheme that addresses the redundant Network Allocation Vector (NAV) setting and the outdated SINR problems. The redundant NAV setting usually occurs at STAs located in the overlapped areas of neighboring WLANs, while the outdated SINR problem is caused due to the delay between the channel estimation and the data transmission. The authors utilize reserved bits in control frames to announce the last frame in a transmission to synchronize the NAV setting, and employ STAs' ACKs to re-estimate and correct the SINR. The analysis model assumes frames that arrive to STAs to follow the Poisson process. The results obtained from the model and simulations show the enhanced scheme can achieve noticeable performance gains compared to the sampled one.
Table VI summarizes the main characteristics of the surveyed downlink MU-MIMO MAC protocols.
2) Discussions on Downlink MU-MIMO MAC Proposals: a) Highlights:
• Regarding the CSI acquisition, some assume the channel reciprocity [34] [76], which allows the AP to obtain the CSI directly from frames transmitted by the STAs, while most papers adopt the explicit way, though none of them follow the approach defined in IEEE 802.11ac. However, it is worth to point out that no papers discuss or justify whether a SIFS interval is long enough for STAs to process received preambles and estimate the channel.
• In terms of the MUIC scheme, the Zero Forcing approach is the most common one due to its simplicity and efficiency.
b) Open aspects:
• Performance comparisons of different solutions, including the approach considered by IEEE 802.11ac, are still missing. It is of special interest to compare if it is better to obtain the CSI for each specific transmission, which guarantees the CSI is fresh, or only periodically, at the risk that the CSI may be outdated, hence creating higher interference between the different spatial streams. First works on this direction can be found in [80] [81], though more efforts are still required.
• In addition, analytical models on understanding the interactions between the CSI state, the number of active users, the buffer size, and other specific mechanisms such as packet aggregation, need more exploration. A first work is presented in [35] , where the authors evaluate the impact of the finite buffer size with random arrivals at the AP in a donwlink MU-MIMO system. Zhao et al. in [45] propose an opportunistic MU-MIMO MAC protocol for Multi-channel Multi-radio
WLANs. In the downlink, a Group RTS is used to signal the selected STAs, which reply sequentially with a CTS before the AP transmits to them simultaneously. In the uplink, after the RTS/CTS exchange, the STAs are signalled to start transmissions using a Group CTS message. Note that both uplink and downlink transmissions can be done simultaneously as they use different channels. A common control channel is used to exchange information about the packet status and the set of available channels for next transmissions. The CSI is assumed available at the AP. The results show the proposal is able to outperform other multi-channel MAC schemes.
Li et al. in [46] propose a Multi-user MAC (MU-MAC) protocol, which supports Multi-Packet Transmission (MPT) in the downlink and multiple control packets (e.g., CTSs or ACKs) reception in the uplink.
OFDM preambles are utilized to facilitate the CSI extraction from the simultaneously received control frames. The frame errors are assumed to come from collisions only, and all frames are transmitted with the same rate. The scheduling scheme jointly considers the CSI history, the AP's queueing state and the frames' application categories. The analytic model is based on and extended from [38] . By observing the results, the authors claim that MU-MAC outperforms MPT-only MAC in terms of the maximum number of supported STAs, and this gain will further increase as the AP employs more transmitting antennas. WLANs by integrating both uplink and downlink enhancements. An analytic model is developed based on [51] . The implicit CSI acquisition scheme is adopted by assuming the channel reciprocity. Through adaptively tuning CW 2nd (a parameter controls the 2nd uplink contention), and comparing with Li's proposal [46] , the authors conclude that (1) Uni-MUMAC performs well in both the traditional downlinkdominant and the emerging down/up-link balanced traffic scenarios; (2) one-side enhancement (e.g., the uplink enhancement) does not bring the same benefits to the other side.
Yun et al. in [37] present a multi-point to multi-point MIMO system, where the uplink multiplexing is implemented in the SORA platform, while the downlink is implemented in the USRP platform. Multiple
APs are coordinated by a controller, and connected via an Ethernet cable. A leader concept is adopted for both the uplink and downlink medium access. A trigger frame that includes co-senders' addresses is sent out by the leader who first won the channel contention. Then, the co-senders transmit preambles sequentially as specified in the trigger frame for the CSI estimation. The downlink scheduling is based on the packet arrival time and the length of waiting time in the queue, while the co-senders' selection in the uplink is randomly made. ZF is employed in both the uplink and downlink for frames' de/pre-coding. • Following the IEEE amendment evolution towards 802.11ac, we believe the AP will also play a coordinating role in scheduling uplink MU-MIMO transmissions.
• However, there is another major issue that requires further research, which is the need for a joint design of up/down-link MU-MIMO MAC protocols, rather than just simply combining solutions designed independently. The reason is that one-side enhancement could negatively affect the other side. For instance, as pointed out in [36] , the optimal parameter for uplink MU-MIMO transmissions does not bring the same benefit to the downlink.
V. FUTURE DIRECTIONS
The goal of all the surveyed MAC proposals is to improve MAC efficiency in essence. More specifically, they try to convert the raw data rate brought by the PHY advance (i.e., MU-MIMO) to the MAC throughput as efficiently as possible.
With this goal in mind, we discuss possible future research directions for MU-MIMO MAC protocols through a micro perspective and a macro perspective, respectively. In the former, we discuss some important performance-affecting aspects that have not been specified in IEEE 802.11ac; we also identify key factors that make the conversion from the PHY data rate to the MAC throughput inefficient, and then give our thoughts on possible ways to improve the MAC efficiency. In the latter, we envisage the MAC's role in facilitating the integration of the future heterogeneous networks.
A. The Micro Perspective: Within MU-MIMO Based WLANs 1) What Does 802.11ac Not Specify?: The downlink MU-MIMO transmission is one of the most significant features introduced by IEEE 802.11ac. In order to perform multi-user transmissions, the amendment proposes the ECFB scheme to feedback the required CSI, and devises a group identifier (Group-ID) field in the PHY preamble to facilitate grouping STAs. However, the following two important factors are not specified in the amendment.
• Scope and frequency of CSI feedback: [80] and [81] have shown the significant impact of the CSI feedback on the system performance. A clear dilemma regarding the scope and the frequency of the CSI feedback is that a large scale (e.g., all STAs in the network) or frequent CSI requests will introduce huge overheads, while the opposite way leads to that the rendered channel information might be outdated. Therefore, adaptive algorithms are needed to dynamically adjust the scope and the frequency of CSI feedback.
• Conditions to group/re-group STAs: Although it can be argued that the way of grouping STAs depends on the specific application, a smart grouping algorithm has to be designed to identify those STAs that can be co-scheduled, or on what conditions STAs' re-grouping would be triggered.
2) How to Improve MAC Efficiency?: As shown in the paper, significant research efforts have been made to adapt IEEE 802.11 MAC to advances such as the multi-antenna technique. However, the MAC throughput is still much lower than the PHY raw rate (lower than 70% in most cases [84] ). The throughput loss mainly comes from the so-called overheads, which include the management frames (e.g., association
requests/responses), the compulsory idle duration (e.g., the random BO, DIFS/SIFS), control frames (e.g., RTS/CTS/ACK) and frame headers (e.g., PHY preambles, PHY/MAC headers). Other non-overhead factors contributing to the throughput loss include frame collisions and the airtime unfairness caused by low rate STAs that monopolize the channel. These fundamental IEEE 802.11 mechanisms and features limit the MAC efficiency. In a packet capture test conducted in a dense area of Tokyo [85] , the results
show that data frames only account for 23% of all types of frames (46% management frames, 30% control frames, 1% others); moreover, most of management frames are in the 802.11b format and transmitted at 1 Mbps to ensure the interoperability.
The newly created High Efficiency WLAN study group-802.11ax is still at its early stage. Here, we
give our thoughts on possible solutions to improve the MAC efficiency.
• Cooperation among multiple bands: Management frames, control frames and frames headers are necessary to facilitate correct receptions of data. They can not be eliminated in the current 802.11 communication architecture. At least the evolution from IEEE 802.11-1997 to 802.11ac, what we have seen is an ever-increasing length of PHY preamble. Cooperation among multiple bands could be an effective way to control overheads. Specifically, a future smart device is likely to be equipped with multiple interfaces operating in multiple bands [86] . Thus, 802.11ac at 5 GHz, could be a candidate for the carrier sense and data transmissions across rooms; 802.11ah below 1 GHz, could be utilized to transmit management and control frames; while 802.11ad at 60 GHz, could be used for very high speed data transmissions in the line of sight. [87] has suggested a possible usage model using 802.11ah for signalling among APs, while 802.11ac for data frames.
• Revision of the backoff scheme: The random BO scheme is a key function employed by IEEE 802.11 to avoid collisions. Unfortunately, collisions can not be eliminated and remain as one of the most degrading factors to the system performance. [88] proposes a collision-free solution, where
STAs adopt a deterministic BO instead of a random one after successful transmissions for singleantenna based WLANs. On the other side, works in [61] and [89] suggest to shift the random BO countdown from the time domain to the frequency one by treating OFDM subcarriers as integers.
These innovative ideas can be considered to support multi-antenna based WLANs in both downlink and uplink.
• Uplink MU-MIMO transmissions: The Internet traffic has evolved from web browsing and file transfers to a wide variety of applications, which include considerable amount of content-rich files generated by users, such as the video conferencing, social networks and cloud uploading services.
Although the enhancement for uplink transmissions has recently gained attention, there is still much space for improvements since the latest amendment-IEEE 802.11ac does not support uplink MU-MIMO transmissions. In addition, there are only a few works that unify MU-MIMO downlink and uplink protocols into a single communication system.
• Orthogonal FDMA: OFDMA is currently under consideration for next-generation WLANs to improve the system efficiency [15] . The interest on OFDMA is originated from the efficiency loss caused by the 802.11ac channel bonding (up to 160 MHz). Transmitting over wider channels reduces the transmission duration, though it also magnifies the negative impact of the overheads, since the duration of inter-frame spaces and control packets are constant regardless of the channel width.
OFDMA enables WLANs to multiplex transmissions from/to different STAs over a single channel by assigning a different OFDM subcarrier to each transmission. The result is that, transmissions last longer, as they are transmitted at lower rates, but the efficiency of the system is improved, as more data are transmitted in parallel. Regarding MU-MIMO transmissions, using OFDMA would have a positive impact on overheads, since STAs only need to feedback a lower amount of CSI, which is only proportional to the subcarriers of the used subchannel.
• Full-duplex transmissions: The current form of communications in WLANs is half-duplex, namely, transmissions and receptions are allocated to different time slots or frequency bands. The full-duplex transmission has the potential to double the channel capacity by allowing simultaneous transmissions and receptions with the same frequency [90] [91] . In addition, the coming of full-duplex transmissions hints us to rethink the IEEE 802.11 fundamental MAC mechanism-CSMA/CA, which is employed based on the long-held assumptions that (1) wireless devices can not transmit and receive at the same time, and (2) wireless devices can not detect collisions while transmitting [92] . The research on full-duplex transmissions has just started in recent years. Although the challenging part is to cancel self-interference at the full-duplex transceiver, the MAC scheme needs to be revised as well [93] [94].
• Massive MIMO transmissions: Having MU-MIMO already been integrated in the latest standards (e.g., IEEE 802.11ac and 4G LTE), and in order to further reap the benefits of MIMO in a much greater scale, Massive MIMO, with orders of magnitude more antennas equipped at the transmitter, has recently attracted much research attention. Massive MIMO has the promise to increase the spectral efficiency to tens of hundreds of bps/Hz, and simultaneously improve the energy efficiency [95] [96], which enables it to be a very good technology candidate for next-generation wireless standards that target highly-dense user scenarios. The first challenge of employing Massive MIMO is the limited space at the AP, since antennas are required to be placed at the least half wavelength apart. The second challenge is the overhead. IEEE 802.11ac uses ECFB-the explicit way to feedback CSI. The channel sounding time and the CSI volume are proportional to the number of AP's antennas, which would occupy considerable amount of time and bandwidth, especially in the Massive MIMO case. The first challenge is out of the scope of the paper, while the second one needs more research efforts on the precoding, the antenna selection, and exploring the antenna correlation to reduce the channel sounding time and the CSI volume.
B. The Macro Perspective: Integration with Heterogeneous Networks
It seems to be a trend that in the future there will be a huge and smart network that integrates heterogeneous networks (e.g., WLANs, broadband mobile networks and sensor networks), which means individual network will have to collaborate with others to provide services, rather than just coexist.
Obviously, the integration or the inclusion of WLANs require unique changes at the MAC layer.
1) How, who and when to collaborate?: With the PHY layer's focus on the air interface and the network layer's focus on the routing, the MAC layer plays a role in deciding how to collaborate, who to collaborate and when to collaborate [97] [98]. For example, imagining a scenario that a sink of a smart metering sensor network requests an AP to forward the collected data to a user's mobile phone, the AP first checks whether the mobile phone is in its vicinity to decide whether to forward the data by itself or to relay the data to other APs. And then, the AP checks the channel condition and the queueing status to decide who and when to transmit the data. Regardless the scale and the type of collaborations, exchanging management frames and control frames are needed to build connections with other entities. Note that today's device-to-device communications already account for a significant part of total wireless traffic, and they are regarded as one of the most important challenges for 5G networks [99] [100]. Therefore, the MAC scheme for the integrated network has to take how, who and when to collaborate into account.
2) Multi-hop Cooperative MAC: In addition to the above consideration, it is inevitable for MAC protocols of integrated networks to support multi-hop indirected links. A typical cooperative scenario is that a receiver at the edge of the transmitter's range can benefit from its neighbours' relaying. This opens research questions as follows. First, the selection of optimal relay: (1) who will make the selection, the source or the destination? (2) what is the criteria to choose the optimal relay, signal strength, energy level or security issues? (3) whether the chosen one will agree or be able to relay? Secondly, the timing of relay: (1) immediately after the source transmission, or (2) compete for the channel and then relay.
Thirdly, the format of relay: (1) amplify-relay, decode-relay or compress-relay, and (2) single relay or multiple relays [101] . Other issues, such as the hidden-node problem, cooperative diversity, MPT/MPR functionalities and the joint MAC-routing design, also need to be considered [102] [103].
3) Outdoor and mobile WLANs: The inclusion of WLANs to outdoors presents some significant challenges to the traditional MAC, as which is designed to support limited mobility. First, due to the user movement and the large scale fading, the outdoor channel is varying faster than that of indoors, even with the same moving speed [104] . For that reason, the CSI feedback scheme needs to be reconsidered to report the channel state timely, while maintaining low channel estimation overheads. Secondly, the cellular operators may offload traffic to public or proprietary WLANs (e.g., the carrier class Wi-Fi [105] ) in a dense public stadium, in which case, the seamless transfer and the QoS promised by the cellular network need to be assured at the MAC layer.
VI. CONCLUDING REMARKS
The uplink and downlink MU-MIMO MAC protocols for WLANs are investigated and categorized in the paper. Some typical MUD and MUIC techniques for de/pre-coding are sampled, and the requirements for designing MU-MIMO MAC protocols are identified. Based on the study, discussions are carried out to clarify what challenges and future directions could be for designing effective MU-MIMO MAC protocols.
Despite considerable research has been conducted, there still exists under-explored areas toward simple, yet highly efficient MAC protocols for MU-MIMO based WLANs, especially in the context of the rapid growth of wireless devices. Therefore, we have given some of our thoughts in that regard. We hope this survey paper would help the readers to summarize the current research progress and inspire their future work.
